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Recent work suggests that signaling molecules such as activin are capable of acting at long range to establish a morphogen
gradient in the amphibian embryo and that responding cells activate different genes at distinct threshold levels of activin.
Other signaling molecules like BMP-4 and Xnr-2 also exert concentration-dependent effects, but these factors appear to
diffuse less freely. This raises the question of whether gradients of these inducing factors are indeed established, and if so,
how they are generated. In this paper we demonstrate directly that BMP-4 elicits graded responses in gastrula-stage embryos.
We then show that an effective BMP-4 gradient is established not by diffusion of BMP-4 protein but by the long-range
effects of two BMP-4 inhibitors, noggin and chordin. This provides a novel mechanism for the establishment of a morphogen
gradient in vertebrate embryos. q 1998 Academic Press
capped RNA encoding BMP-4 (Jones et al., 1992), noggin (SmithINTRODUCTION
and Harland, 1992), chordin (Sasai et al., 1994), and a truncated
BMP receptor (Suzuki et al., 1994) was according to Jones et al.Recent evidence suggests that signaling molecules such
(1996b) and tissue manipulations were performed as described byas activin are capable of acting at long range to establish
Jones et al. (1996a).a morphogen gradient in the amphibian embryo and that
Whole-mount in situ hybridization. Myf-5 transcripts were lo-
responding cells activate different genes at distinct thresh- calized using standard procedures (Harland, 1991) with minor mod-
old levels of activin (Gurdon et al., 1994; Jones et al., 1996a). i®cations as described (Jones and Smith, 1997). A Myf-5 probe was
Other signaling molecules like BMP-4 and Xnr-2 also exert synthesized from the full-length cDNA (Hopwood et al., 1991).
concentration-dependent effects (Dale et al., 1992; Jones et Immunolocalization of FLDx. After whole-mount in situ hy-
bridization, tissues were re®xed in MEMFA (Harland, 1991) for 1al., 1995), but these factors diffuse less freely and seem to
h at room temperature, washed three times in PBS/0.1% Triton X-act essentially cell autonomously (Jones et al., 1996a). This
100 (PBST), and blocked for 1 h in PBST/10% serum. After blocking,raises the question of whether gradients of these inducing
tissues were incubated several hours at room temperature or over-factors are indeed established and, if so, how they are gener-
night at 47C with anti-¯uorescein±AP antibody (Boehringer Mann-ated. In this paper we demonstrate directly that BMP-4 elic-
heim) diluted 1:2000 in PBST/10% serum. After antibody incuba-its graded responses in gastrula-stage embryos and, surpris-
tion, the tissues were washed six times for 20 min each time in
ingly, that it is involved in patterning dorsal, as well as PBST at room temperature. FLDx was detected using a fast red
ventral, cell types. We go on to show that an effective BMP- substrate (Boehringer Mannheim) dissolved in 0.1 M Tris (pH 8.2).
4 gradient is established not by diffusion of BMP-4 protein Tissues were then transferred to 90% glycerol and ¯at mounted
but by the long-range effects of two BMP-4 inhibitors, nog- beneath coverslips.
gin and chordin (Piccolo et al., 1996; Sasai et al., 1994;
Smith and Harland, 1992; Zimmerman et al., 1996). This
provides a novel mechanism for the establishment of a mor-
RESULTS AND DISCUSSIONphogen gradient in vertebrate embryos.
Myf5 as a dorsolateral marker in Xenopus. BMP-4 regu-
lates dorsoventral patterning in the early Xenopus embryoMATERIALS AND METHODS
during gastrula stages (Jones et al., 1996b) and as with its
Drosophila homologue Decapentaplegic (Lecuit et al., 1996;Embryonic manipulations. Manipulation and staging of Xeno-
pus embryos was as described (Jones et al., 1996b). Synthesis of Nellen et al., 1996), detailed analysis of BMP-4 function
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requires the identi®cation of early genetic targets. Previous away (arrows, Figs. 1H and 1I). When BMP-4 is produced in
the dorsal marginal zone, Myf-5 transcripts are again absentstudies of dorsoventral patterning in Xenopus have used
muscle as a convenient maker (Lettice and Slack, 1993), and from the BMP-4-expressing cells, and from cells three to
®ve cells away from the marked clone, but in contrast toin searching for early markers of this process we tested the
bHLH myogenic factor Myf-5 (Hopwood et al., 1991). Myf- the lateral marginal zone, a small patch of ectopic Myf-5
expression is induced beyond the group of negative cells5 is ®rst expressed within the dorsal region of the early
gastrula (Fig. 1A). Subsequently, transcripts become local- (Figs. 1J and 1K).
Together, these observations illustrate two importantized to the dorsal lateral marginal zone and are excluded
from the presumptive dorsal midline (Figs. 1B±1D; Dosch et properties of BMP-4. First, they show that the protein is
able to exert its effects on Myf-5 expression only over aal., 1997). This expression pattern is maintained throughout
gastrulation, indicating that Myf-5 is a suitable marker for range of 3-5 cell diameters. This restricted range provides
support for the conclusion that the effects of BMP-4 onstudies of dorsoventral mesodermal patterning during gas-
trula stages in Xenopus. mesodermal patterning occur during gastrula stages (Jones
et al., 1996b); if signaling began earlier, say at the 32-cellBMP-4 regulates Myf-5 expression. Initial experiments
demonstrated that overexpression of BMP-4 in the Xenopus stage, the range would appear to be much greater. Second,
the results demonstrate that BMP-4 is able to induce expres-embryo suppresses Myf-5 activity. In many embryos Myf-
5 expression was completely abolished (Figs. 1E and 1F; see sion of the dorsolateral marker Myf-5, but that this induc-
tion occurs only at intermediate BMP-4 concentrations.also Dosch et al., 1997), while others retained only a small
patch of expression, usually at the dorsal midline (Fig. 1G, Thus, if a BMP-4-expressing clone is present in the dorsal
marginal zone of the embryo (see Fig. 1K), cells within thearrow). Further experiments demonstrated that decreasing
effective BMP-4 signaling levels by overexpression of a trun- clone and in its immediate environment experience a level
of BMP-4 that is too high for expression of Myf-5 to occur.cated BMP-4 receptor (Suzuki et al., 1994) resulted in ec-
topic activation of Myf-5 (see Figs. 2O and 2P). These obser- A couple of cells away, the concentration of BMP-4 is lower
and Myf-5 is expressed, and another couple of cells away,vations indicate that decreasing BMP-4 signaling levels re-
sult in expression of Myf-5. Additionally, experiments BMP-4 signaling is below the threshold that results in Myf-
5 expression.described below show that if the concentration of BMP-4
falls too low, Myf-5 expression is not detected. Thus the Long-range effects of noggin and chordin. The above
results show that BMP-4 can, when expressed within theresponse of Myf-5 to BMP-4 resembles that of Xbra to ac-
tivin (Gurdon et al., 1994): both genes require a ``window'' marginal zone, exert its effects over a range of three to ®ve
cells. However, it is unlikely that this range is suf®cientof inducing factor concentration for their expression. The
results are consistent with the idea that there is a gradient to generate a gradient of BMP-4 activity across the entire
marginal zone of the early gastrula, even if the dorsal mar-of BMP-4 activity in the marginal zone of the early gastrula,
high at the ventral side of the embryo and low at the dorsal ginal zone acts as a powerful sink. We therefore asked
whether an effective BMP-4 gradient might be generated byside, and that intermediate levels of BMP-4 activate expres-
sion of Myf-5. the longer-range diffusion of the BMP-4 inhibitors, noggin
and chordin. To test this idea, we ®rst modi®ed the assayHow might a gradient of BMP-4 be generated? BMP-4
transcripts are present throughout the ventral and lateral of Gurdon and colleagues (1994). Animal caps expressing
noggin or chordin were juxtaposed with ventral marginalmarginal zone of Xenopus, including the Myf-5 expression
domain, and there is no evidence for graded BMP-4 expres- zone tissue, the conjugates were cultured for 5±6 h, and
expression of Myf-5 was analyzed by in situ hybridization.sion (Fainsod et al., 1995; Hemmati Brivanlou and Thom-
sen, 1995; Schmidt et al., 1995). One possibility, however, In all experiments, the ventral marginal zone tissue acti-
vated expression of Myf-5 (Figs. 2A and 2B), while no expres-is that BMP-4 diffuses from its site of synthesis into the
dorsal marginal zone of the embryo, where it is sequestered sion was seen in control conjugates (data not shown, but
see Fig. 2F). This response to BMP-4 inhibitors was rapidand inactivated by noggin and chordin (Piccolo et al., 1996;
Zimmerman et al., 1996). If BMP-4 diffusion were suf®- and could be detected in as little as 3 h (Figs. 2C±2E), sug-
gesting that it represents a direct long-range effect of nogginciently rapid, this process might set up a gradient. Previous
work (Jones et al., 1996a) using animal cap tissue has sug- and chordin.
To assess the ranges of noggin and chordin in the marginalgested that BMP-4 is not freely diffusible. It is possible,
nonetheless, that within the marginal zone BMP-4 can sig- zone, we generated marked clones of cells expressing these
factors. Expression of noggin (and chordin, data not shown)nal over a long range.
Short-range effects of BMP-4. To investigate this ques- within the ventral marginal zone caused ectopic activation
of Myf-5, and even at low concentrations of noggin, Myf-5tion, we have generated marked clones of cells expressing
BMP-4 in the marginal zone of Xenopus. When BMP-4 is expression was detectable in cells adjacent to the clone
(Figs. 2G±2J). At higher concentrations of noggin, ectopicproduced in the lateral region of the early gastrula, thereby
elevating levels of BMP-4 within its normal expression do- activation of Myf-5 occurred throughout much of the ven-
tral and lateral marginal zone (Figs. 2K±2N), although nevermain, Myf-5 activity is suppressed both within the BMP-4-
expressing cells and in cells three to ®ve cell diameters in animal or vegetal pole blastomeres. These results demon-
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FIG. 1. Myf-5 expression at (A) stage 10, (B) stage 10.25, (C) stage 10.5, and (D) stage 11.5. Overexpression of BMP-4 results in (E and
F) complete suppression of Myf-5 expression or, in 3 of 16 embryos (G), in partial suppression with residual expression (arrow) centered
over the dorsal blastopore lip. (H and I) Clones of cells expressing BMP-4 within the lateral marginal zone (marked red in H and light
blue in I) suppress Myf-5 expression over a distance of 3±5 cells (arrows). (J) A small clone of BMP-4-producing cells within the dorsal
marginal zone causes ectopic induction of Myf-5 in a domain 3±5 cells away from the BMP-4 source. (K) A ¯at mount of the embryo
shown in J. The arrow indicates a region between the BMP-4 source and the ectopic Myf-5 expression where no Myf-5 transcripts are
detected, presumably because the local BMP-4 concentration is too high.
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FIG. 2. (A±F) Activation of Myf-5 expression in tissue recombinants comprising noggin- or chordin-injected animal caps and ventral
marginal zone explants. Lineage tracing analyses show that the Myf-5 transcripts are restricted to the ventral marginal zone portion of
the tissue recombinants (data not shown). (A and B) Induction of Myf-5 expression in noggin- and chordin-expressing animal cap:ventral
marginal zone recombinants. The recombinants were assembled at the early gastrula stage and cultured for 6 h. (C±E) Noggin-expressing
animal caps cause activation of Myf-5 expression (denoted by white arrows) within 3 h (E) of combination with ventral marginal zone
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